ABSTRACT Agriculture is one of the main economic industries of a country. Application of information technologies in agriculture, smart agriculture, aims to realize precision control of irrigation, fertilizer, diseases, and insect pests prevention in the growing of crops. For the sake of obtaining the interest data, wireless sensor networks (WSNs) are used to collect the interest data in the farm field and send the obtained data to the servers via wireless communication. Since the WSNs usually operate in the unlicensed spectrum, the available resource elements (REs) are scarce especially when a large number of sensor nodes are deployed in the farm field. To accommodate more sensor nodes and prolong the lifetime of the WSNs in agriculture, relay-aided non-orthogonal multiple access is introduced into the uplink transmission stage of the direct transmission from the sensor nodes to the sink node. Non-orthogonal multiple access (NOMA) can transmit multiple symbols simultaneously on the same RE by splitting them in the power domain and distinguish them according to diverse power levels of different symbols. The average sum data rate and outage probability of the relay-aided NOMA in uplink transmission are theoretically analyzed. The numerical simulation results show that the WSNs with relay-aided NOMA outperforms the traditional OMA scheme in uplink transmission in WSNs in agriculture.
I. INTRODUCTION
Agriculture is one of the basic sources of livelihood for people and plays a key role in the development of the rural economy in China. In traditional agriculture production, it lacks of the application of the information technology that has been widely used in industry, environmental monitoring and other aspects of life [1] - [6] . In traditional irrigation, agricultural water is wasted seriously due to evaporation, spillage and absorption inside the deep soil layer since lacking of soil
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information [5] , [6] . As a typical application of information technologies in agriculture, wireless sensor networks (WSNs) are capable of monitoring soil information in the areas of interest and promoting the traditional irrigation system. It has the potential to change the ways of irrigation and makes agriculture smarter by collecting the data in the agricultural production process [5] - [8] .
In the concept of smart agriculture, WSNs play a vital role in monitoring and collecting the interest data in the farm fields for the intended uses in various applications. Based on the model of crop growth and WSNs in agriculture, smart agriculture make great efforts to realize precision irrigation, fertilizers and pesticides to avoid water waste, low soil fertility, fertilizer abuse and diseases. The sensor nodes in WSNs, which deployed in the farmland, are capable of transmitting the collected soil information data to the sink node via wireless communication periodically [5] - [12] . In [10] , [11] , the authors describe an agricultural application in which WSNs are used to collect the temperature, humidity, soil moisture content and wind speed data. A WSNs based Internet of Things (IoT) watering control system is proposed for agricultural crops to maintain the moisture content of the soil for smart farm, which can reduce the costs and increase agricultural productivity effectively [12] .
For WSNs in agricultural applications, the lifetime of networks mainly depends on the energy consumption of the senor nodes. Unlike the application of WSNs in industry where the sensor nodes are placed in a relatively friendly environment and can be charged or changed the batteries easily at any time, the sensor nodes in agricultural applications are usually deployed in the farmland with rectilinear grid and buried in soil at a depth of no less than 20cm and can only depend on the batteries through the whole lifetime [13] . Such deployment of sensor nodes makes the energy consumption becomes a serious problem, since charge or change the batteries of the sensor nodes are impossible in agricultural application scenario. The energy consumption of WSNs approaches for monitoring the farm fields in precision agriculture are categorized and discussed according to their features [4] , [12] - [14] .
Wireless communication between sensor nodes to the relay or sink node is one of the most energy intensive consumption process in WSNs [13] , [14] . In WSNs, the sensor nodes can only communicate with the adjacent nodes and need relays to communicate with the sink node if they are located at the edge of the field. To reduce topology complexity of the WSNs in agriculture, the sensor nodes are usually divided into several independent clusters according to locations in the farm field. The sensor nodes can only connect with the sensor nodes within its own cluster. To reduce energy consumption, sensor nodes are synchronized and activated to transmit the collected data simultaneously according to a preset time schedule [13] - [15] . Then, the sensor nodes shut the wireless communication module down and keep in silent mode for approximately one hour or more before the next transmission. Since the sink node is less energy sensitive and has greater signal coverage, it can communicate with all sensor nodes in the cluster, the global routing strategy and synchronization information for the sensor nodes are managed by the sink node.
Very high date rate communication, massive connectivity of devices, ultra-low latency and high reliability wireless communication are required in 5th generation (5G) cellular networks [16] - [24] . Specifically, massive Machine Type of Communication (mMTC) scenario in 5G standard aims to massive connectivity of sensor nodes, IoT equipments and other smart devices in smart home, city, hospital, agriculture and other scenes. As one of the key techniques for 5G and next generation wireless communication, non-orthogonal multiple access (NOMA) has great potential to satisfy the very high data rate and massive connectivity demand both in uplink and downlink transmissions [21] - [24] . In contrast to conventional orthogonal multiple access (OMA), NOMA can supports more user equipments at the same time duration and frequency bandwidth resource elements (REs). In [22] , a cooperative NOMA transmission scheme for 5G system, in which the cell-center users are act as relays, can improve the overall throughput of the network. The performance of cognitive Radio Networks with NOMA is studied, which show that it can outperform the counterparts of conventional OMA [25] - [27] . Dual-hop decode-and-forward (DF) relaying system using NOMA is studied for cooperative relays transmission, which can achieve remarkable gain on the ergodic sum-rate [24] , [28] , [29] . Wan et al. [30] have shown that the DF scheme outperforms the amplify-and-forward (AF) scheme in terms of ergodic sum rate in downlink NOMA cooperative relay system over Nakagami-m fading channel. The resource and power allocation schemes for NOMA are studied in [31] , which shows that transmit power can be saved significantly by taking into account of the imperfect channel state information (CSI).
In uplink transmission, NOMA can achieve higher sum data rate and connectivity than that of traditional OMA [32] - [36] . A coordinated direct and relay NOMA for uplink transmission is studied, which shows that the capacity gains of uplink NOMA over OMA depends on the level of residual interference and the position of the relay [37] . A novel NOMA scheme called pattern division multiple access (PDMA) is proposed for both uplink and downlink transmission in 5G, which takes joint design for transmitter and receiver and achieves at least 30% improvement in spectrum efficiency [38] . The performance of power domain NOMA for both uplink and downlink are investigated for 5G cellular networks, which shows that power domain NOMA can accommodate the requirements of massive connectivity and achieves high sum data rate [39] - [45] . An application of power-domain NOMA scheme in ubiquitous WSNs is investigated, which shows that power-domain NOMA can achieve lower outage probability, higher average throughput and better energy consumption efficiency [46] .
In smart agriculture, a huge number of sensor nodes are deployed in the farm field. The powerful sink node acts as the role of base station in 5G cellular wireless communication network [11] , [13] , [46] . The massive connectivity requirement of the sink node becomes a severe challenge in uplink transmission in WSNs in agriculture. Unlike 3rd generation (3G), long term evolution (LTE) and 5G operate in licensed spectrum, most WSNs operate in unlicensed spectrum such as 2.4GHz, which also used in other equipment based on WiFi, ZigBee Bluetooth and other standards [4] , [15] , [46] . Moreover, WSNs in agriculture suffers from the interference from both adjacent farm fields and other devices that use WiFi, ZigBee and Bluetooth technologies. Therefore, the available REs are more scarce for WSNs operated in licensed spectrum VOLUME 7, 2019 than that in cellular wireless communication networks. On the merits of NOMA, we introduce relay-aided NOMA into the uplink transmission where the sensor nodes can communicate with the sink node directly. By deploying relays in appropriate positions between the sensor nodes and sink node in the farm field, WSNs with relay-aided NOMA can fulfill the massive connectivity and periodically high data rate demands in uplink transmission effectively. At the sink node, a maximum ratio combination (MRC) criterion based detection algorithm is used to detect the received signals. Then, the system model and the performance of sum data rate and outage probability are investigated for relay-aided NOMA. Numerical results verify the accuracy of the theoretical analyses and demonstrate that the WSNs with relayaided NOMA can achieve better performance over that of the conventional OMA.
The reminder of this paper is organized as follows. We introduce the basic framework of WSNs in agriculture and the system model of relay-aided NOMA in uplink transmission in Section II. In Section III, the sum data rate and outage probability of relay-aided NOMA is analyzed. Numerical results are provided in Section IV. Finally, Section V concludes the paper.
Notations: Throughout this paper, X denotes a matrix and x is a column-vector, respectively. (·) T and (·) H denote transposition and Hermitian transposition of a matrix or a vector, respectively. x (k) denotes the k-th element of the symbol vector x. x ∼ CN 0, σ 2 x represents the distribution of a zero mean circularly symmetric complex Gaussian random variable x with variance σ 2
x .x andx represent the estimates of the symbol x and the vector x, respectively. diag {x} returns a N × N diagonal matrix whose diagonal elements are given by [x (1) , x (2) , . . . , x (N )]
T . P (·) denotes the probability of an event. |·| denotes the absolute value of a complex symbol.
II. SYSTEM MODEL A. WSNs IN AGRICULTURE
The purpose of WSNs for smart agriculture is collecting the interest data in the farm field to the control center for intelligent forecast and decision. The application of WSNs technologies in agriculture can effectively improve crop yields and quality as well as reduces the costs in agricultural planting. With the aid of the collected data in farmland in the crop growing process, better decisions and precision management can be made in smart agriculture. Moreover, the application of WSNs in agro-industrial production chain, which includes food process, cold-storage and retail in supermarket, can achieve security traceable of the whole industry chain. Combining the WSNs in agriculture, Geo-informatics, cloud computing and blockchain techniques, the security traceable system can effectively solve the security problems in food industry.
In the application of WSNs in agriculture, the sensor nodes are deployed in interest locations to monitor the conditions of soil and environment as well as the growth condition of crops. As shown in Fig. 1 , a rectangular farm field is considered as an unit of the application of WSNs for monitoring, in which the sink node is located in the central position and the sensor nodes are deployed in the farmland. Without loss of generality, we assume that both the sink node and sensor nodes are equipped with one antenna. In WSNs, the powerful sink node acts as the equivalent role of base station in cellular networks to manage the sensor nodes and collect the interest data from sensor nodes, which sends the received data to the cloud networks, user application platform or smart phone application to display the monitoring results. Unlike the users move from time to time in mobile cellular communication network, the sensor nodes in WSNs in agriculture are deployed in relatively fixed locations with random or uniform distribution in the farm field during the overall network lifetime. The relatively stable network topology makes wireless transmission schemes both in uplink and downlink simple than that of wireless cellular network.
In WSNs, the powerful sink node can cover all the sensor nodes, while the sensor nodes can only communicate with adjacent nodes and use short-range multi-hops communication to sent their monitoring data to the sink node with the help of relays. Only the sensor nodes around the sink node within a certain distance can communicate with the sink node directly. Both the sensor-to-sink uplink communication and sink-to-sensor downlink communication are performed for data or network signaling transmission in WSNs. The sink node is the main outgoing traffic route of the collected data form the farm field to the user platform in WSNs in agriculture. Since collecting the information data is the main purpose of WSNs in agriculture, uplink transmission from the senor nodes to the sink node plays a key role, while the downlink communication is only used to provide route and schedule information to the sensor nodes. Considering that the sink node has larger transmit power in downlink and can cover all the sensor nodes, a broadcasting scheme based on conventional OMA technique is employed to reduce the signal detection complexity at the sensor nodes.
To conserve energy, the sensor nodes transmit the collected data to the sink node periodically under a time scheduled manner. Then, the sensor nodes are shut down in inactive mode when the uplink transmission process is finished. During the period of inactive mode, the sensor nodes only collect the data under a time schedule and work in a very low power consumption mode. After a long period of inactivity, the sensor nodes walk-up synchronization and begin a transitory period of uplink communication. Thus, the short-range uplink wireless communication pattern in WSNs in agriculture can be described as periodic and bursty communications.
In WSNs, the sensor nodes in the edge of farmland only monitor and collect the interest data, while the other sensor nodes need to collect the data and relay the data from the edge sensor nodes to the sink node in uplink transmission. As shown in Fig. 1 , only the sensor nodes within a certain distance to the sink node can communicate with it directly. The sensor nodes located at the edge of farmland first transmits their collected monitoring data to the sensor node that act as relay via short range multi-hops wireless communication. Then, the relay sensor nodes need to decode and transmit the received data to the sink node. Considering that a part of REs are used in hop-to-hop communication between sensor nodes, the available REs for the sensor nodes to the sink node are extremely scarce. The sensor nodes around the sink node need to transmit both their own collected data as well as the data collected by other sensor nodes to the sink node, which are more sensitive with the power consumption and affect the lifetime of the WSNs directly. Therefore, high massive connectivity and data rate are required in the uplink transmission from the sensor nodes to the sink node.
B. NOMA IN UPLINK TRANSMISSION
NOMA has the potential to accommodate massive connectivity and allows multiple symbols to share the same RE via power-domain multiplexing technique. To support massive connectivity and periodically high data rate in uplink transmission to the sink node with limited REs, a relayaided NOMA scheme is proposed for WSNs in agriculture. With loss of generality, we define the sensor nodes that can communicate with the sink node directly as the center sensor nodes and the other sensor nodes as the edge sensor nodes hereafter. Thanks to the massive connectivity and high sum data rate of NOMA technology compared with traditional OMA, the sink node can serve more center senor nodes with the same REs. Multiple symbols are permitted to be transmitted to the sink node simultaneously on a single RE, which can shorten transmission time and reduce the energy consumption of the center nodes.
In the uplink transmission, the center nodes are located in the region with a certain radius around the sink node. Considering that the sensor nodes and sink node have relatively low transmit power levels, they are easily interfered by the nearby devices using WiFi, ZigBee and Bluetooth technologies. To avoid this, we assume that no other devices using unlicensed spectrum in the region where the center sensor nodes can communicate with the sink node directly. In WSNs in agriculture, the sensor nodes in the farm field are divided into different sub-cluster according to the positions of the sensor nodes. The sensor nodes close to the sink node provide relays to the members within its sub-cluster according to the route information broadcast by the sink node. We assume that the sensor nodes within the same sub-cluster share the same uplink REs in uplink transmission and different subclusters are allocated to disparate REs. To improve the sum data rate and the reliability in uplink transmission, relays are deployed between the center sensor nodes and the sink node. The center sensor nodes are classified into different NOMA sets according to their positions and share a relay within each NOMA set in uplink transmission. The block diagram of the system model of relay-aided NOMA in uplink transmission scenario with three sensor nodes, which are expressed as SN 1 , SN 2 , SN 3 in the NOMA set, is shown in Fig. 2 . In WSNs, the sensor nodes operate in a low power level and only communicate with the adjacent sensor nodes. The channel responses of the short range communication links in WSNs in agriculture follow a composite frequency selective Rayleigh fading due to the multipath transmission and distance dependent path loss channel. The channel for each communication link between two sensor nodes can be modeled as h =h (λ/4π d), whereh denotes Rayleigh fading channel gain, (4π d/λ) denotes the path loss model of free space wireless communication, λ is the signal wavelength and d is the distance between two sensor nodes. By considering the Rayleigh fading and the path loss jointly, the channel responses from sensor nodes to relay h sr , sensor node to sink node h ss and relay to sink node h rs are independent complex Gaussian random variables with variances β sr , β ss and β rs , respectively.
In this paper, we assuming that K center sensor nodes around the sink node form a NOMA set, which operate at K available REs and share a relay in uplink transmission. With the aid of the relay, the uplink transmission process is divided into two phases. At the first phase, the center sensor nodes transmit the superposition symbols to the relay and the sink node simultaneously. The transmitted symbol model for the k-th (1 k K ) sensor node in the NOMA set is given
T , where x 1 (k) and x 2 (k) are the simultaneously transmitted symbol of the k-th center sensor node. At the second phase, the relay decodes and forwards the symbols vector x 2 to the sink node with given power P r , where
T denotes the second transmitted symbol of each center sensor node. The edge sensor nodes transmit their collected data to the center sensor nodes via hop-to-hop communication in each time slot, which will be transmitted to the sink node in one uplink transmission process. Two phase transmission scheme can improve the performance in uplink transmission and maintain the same symbol rate as the traditional OMA scheme. The transmitted superposition symbol of the k-th center sensor node is given by
, where α 1 and α 2 denote the power allocation coefficients with α 1 + α 2 = 1, P t denotes the available transmit power of the center sensor nodes. Let us define the superposition symbol vector from the K center sensor nodes in a NOMA set as
is the transmitted superposition symbol of the k-th center sensor node. At the sink node side, the received overlapped signal from the k-th (1 k K ) center sensor node is given by
where y ss (k) denotes the received overlapped signal from the k-th center sensor node at the first phase, and w ss (k) ∼ CN (0,N 0 ) denotes the additive white Gaussian noise (AWGN) with zero mean and N 0 variance at the sink node. The received overlapped signal at the relay is given by
where y sr (k) denotes the received overlapped signal from the k-th center sensor node at the first phase, and w sr (k) denotes the AWGN variable with zero mean and N 0 variance at the relay side. Then, the received signal vector from K center sensor nodes at the sink node is given by
where y ss = [y ss (1) , y ss (2) , . . . , y ss (K )] T denotes the received overlapped signal vector of K center sensor nodes in a NOMA set, h ss = [h ss (1) , h ss (2) , . . . , h ss (K )]
T denotes channel responses vector from K center sensor nodes to the sink node, and w ss = [w ss (1) , w ss (2) , . . . , w ss (K )] T is received AWGN vector at the sink node. Similarly, the received signal vector from K center sensor nodes at the relay can be expressed as
where y sr denotes the received overlapped signal vector of K center sensor nodes in a NOMA set, h sr denotes channel responses vector from K center sensor nodes to the relay, and w sr is received AWGN vector at the relay. At the second phase, the relay decodes the received signal vector and forwards the symbol vector x 2 with transmit power P r to the sink node. Then, the received signal vector from the relay is given by
where y rs = [y rs (1) , y rs (2) , . . . , y rs (K )] T denotes the received signal vector from the relay, h rs denotes the channel response vector from the relay to the sink node, w rs denotes the AWGN vector at the sink node side whose element follows ∼ CN (0,N 0 ) . The k-th element of y rs denotes the transmitted symbol from the k-th center sensor node in the NOMA set, which can be expressed as
In the cooperative relay-aided NOMA system, the received overlapped signal of each center sensor node can be detected independently, since the REs can be time, frequency and code domain resources and orthogonal to each other. Without loss of generality, we analyze the signal detection of the k-th sensor node as example. For detecting the received overlapped signal, the SIC receiver detects the symbol with strongest power level first and subtracts it from the received overlapped signal before the detection of next symbol. Then, the SIC receiver detects the second strongest signal. The detecting process continues until all the symbols are detected successfully. Specifically, when detecting the first symbol, the second symbol is treated as interference in detecting process. For the detection of the last symbol, it is contaminated only by the background Gaussian noise, since the other signals are detected and canceled out from the aggregate received signal successfully.
In the SIC receiver, if a former symbol is detected erroneously, the following symbols cannot be detected correctly. This is the so-called error propagation problem of the SIC receiver. Error propagation is crucial to the performance of the detection of the composite signals and deteriorates the overall performance of the SCI receiver. The first detected symbol suffers from interference from the rest symbols and achieves lower signal to interference pulse noise ratio (SINR). The interference of the later detected sensor nodes decreases gradually as the detecting process continues. The reliability of detecting the first sensor node actually determines the overall system performance in uplink transmission. Therefore, both the detecting order and the power allocation at the center sensor node side are crucial to the performance of the SIC receiver at the relay and sink node. The block diagram of signal detecting process of the SIC receiver is shown in Fig. 3 .
In NOMA based uplink transmission, the first symbol can be detected directly by subtracting the received second symbol from the relay. This detecting process can reduce the calculation complexity at the sink node and fully exploits the signals from the relay. Then, the MRC criterion is employed to combine y ss (k) and y rs (k) together with the weights and
respectively. The combined received signal, which is used for the detection of the second symbol, is given by y = q ss y ss + q rs y rs .
Then, a SIC receiver is employed to detect the second transmitted symbol from the processed signal based on the obtained estimate of the first symbol. This process exploits the space diversity and improves the sum data rate at the sink node side.
III. PERFORMANCE ANALYSIS A. SUM RATE ANALYSIS
In relay-aided NOMA, two symbols are multiplexing on a RE at each center sensor node and transmitted to the relay and sink node simultaneously. Note that in uplink transmission, the detecting order in the SIC receiver always start at the signal with higher power level. At the relay side, a SIC receiver is employed to detect the transmitted symbols from K center sensor nodes. Based on the received signal model given in (3), the received SINR of the first detected signal of the k-th (1 k K ) center sensor node in the NOMA set is given by
where ρ (T ) k,l = α l P t /N 0 denotes the transmit signal to noise ratio (SNR) at the center sensor node, where l = {1,2}.
The received SINR of the symbol in SIC receiver not only depends on its own transmit power, but also affected by the order of detecting. Then, the SINR of the second detected signal is given by
Based on the observed SINR of the symbols at the relay, the corresponding achievable data rate can be expressed as
and
respectively. At the sink node, the received signal is the combined signals from the sensor nodes and relay using MRC criterion. Therefore, the sum data rate achieved at the sink node is affected by both the transmission between the center sensor node to the sink node and the relay to the sink node. The SINR of the first detected signal at the sink node can be expressed as
It means that the signals from the relay can be directly used to detect the first symbol, and the achievable data rate is determined on the minimum of the SINR achieved by the relay or the sink node. Then, the SINR achieved by the second detected signal is given by
For the relay-aided NOMA, the achievable data rate at the sink node for the first detected symbol and second detected symbol are given by
respectively. Then, the sum data rate for the k-th sensor node to the sink node can be expressed as
It can be seen from (13) to (19) that the sum date rate at the sink node is affected by the transmit power at the center sensor node and relay. In WSNs in agriculture, the energy consumption of the center sensor nodes is more sensitive than other sensor nodes, relays and the sink node, since they directly impact the lifetime of the network. Considering that the relays only assist the uplink transmission from the center sensor nodes to the sink node and can be replaced easily when the battery run out, the center sensor nodes can allocate more power to the first symbol since the relay decodes and forwards the second symbol with full transmit power to the sink node.
For the SIC receiver at the relay or the sink node, diverse arrived power levels are required to distinguish signals in uplink transmission. Further, the sensor nodes operate in very low power levels than that of the smart devices in cellular network. The power of the received signal at the relay and sink node can be expressed as P R ∝ P T (λ/4π d) 2 , which indicates that the path loss decays with the square of the distance, where P R and P T denote the receiving power and transmitting power, respectively. In other words, the pass loss predominates the channel loss in the short range communication scenario, especially for the devices operate in very low power levels. Therefore, the relay with a reasonable position can be useful in uplink transmission for it improves the SINR of the second symbol. The arrived power level of the signals that share the same RE can be easily distinguished when the relay can detect the second symbol successfully.
Based on the required SINR of the k-th RE at the relay, the minimum transmit power to reach ρ (R) sr (k, l) can be calculated as
where L denotes the total number of the signals multiplexing in one RE. For the sake of balancing the power consumption of the sensor nodes that act as relays in uplink transmission and maximizes the lifetime of the WSNs, same target data rates are set to the sensor nodes that can communicate with the sink node directly. Based on the symbols detected order at the sink nodes, the minimum transmit power for the l-th detected symbol that satisfies the required data rate 2 R k,l is given by
To reduce the computational complexity of the power allocation scheme, the sink node calculates the power allocation based on the desired target data rate and the distance to the sink node and the relay. Then, the power allocation and route information are broadcast to all the sensor nodes in WSNs before data transmission.
B. OUTAGE PROBABILITY ANALYSIS
In this subsection, we analysis the outage probability of the k-th center sensor node in the uplink transmission. For a given target date rate of the l-th detected signal 2 R k,l of the k-th center sensor node in the NOMA set, we define O sr (k, l) = r sr (k, l) < 2 R k,l to denote the outage event that the relay fails to detect the message. Similarly, the outage event at the sink node can be defined as O sn (k, l) = r sn (k, l) < 2 R k,l . Therefore, the outage event occurs when the achievable data rate less than the target data rate, which can be expressed as
The transmission to the relay has a great impact on the SINR and overall performance at the sink node. The outage probability for the k-th center sensor node in the uplink transmission, which is denoted by P out n,k , can be written as
, which mean that the message of the transmitted symbols of the k-th center sensor node are detected successfully. When detecting the signals of the k-th center sensor node at the relay, the probability of event O sr (k, 1) can be calculated as
For the second detected symbol, we assume that the first detected symbol is subtracted from the received overlapped signal. The outage probability of eventÕ sr (k, 2) is given by
At the sink node side, the received signal in the first phase and second phase are combined in the SIC receiver. Based on the achieved SINR of the first detected symbol given in (15) , the outage probability of the eventÕ sn (k, 1) can be expressed as
where ρ (S) k,1 denotes the minimum SINR of the first detected symbol achieved by first phase at the relay or the second phase based of the signal from the relay. For the second detected symbol at the sink node, the outage probability is given by
where ρ (S) k,2 denotes the minimum SINR of the second detected symbol achieved by first phase at relay or the second phase based of the signal using the MRC criterion. In next section, we resort to the numerical simulations to examine the sum data rate and outage performance in uplink transmission based on relay-aided NOMA.
IV. NUMERICAL RESULTS AND ANALYSIS
In this section, we present numerical results to analyze the sum data rate and outage probability in uplink transmission using relay-aided NOMA. The performance of relay-aided NOMA in uplink transmission is compared with WSNs in agriculture with traditional OMA. In the simulation, the signal wavelength is given by λ = c/f sig , where c is the speed of light and f sig = 2.4GHz is the signal frequency used in WSNs in agriculture. The power allocation coefficients for the transmitted symbols are given by α 1 and α 2 . We assume that the perfect channel response estimation is known by the sink node and relays. In the following paragraphs, Monte Carlo simulations are implemented to demonstrate the performance analysis of WSNs in agriculture with relay-aided NOMA. Fig. 4 shows the average sum data rate for different locations of relay in WSNs in agriculture. In this paper, we normalize the variances of the channel responses from the center sensor nodes to the relay, the center sensor nodes to the sink node and the relay to the sink node, and set the variance of channel response from the center sensor nodes to the sink node as β ss = 1. To analyze the effects of the location of the relay, three deployment schemes are considered as follows: Case 1: β sr = 10, β rs = 10; Case 2: β sr = 5, β rs = 15; Case 2: β sr = 12, β rs = 10. The power allocation coefficients are given by α 1 = 0.9 and α 2 = 0.1, respectively. As shown in Fig. 4 , the relay-aided NOMA schemes achieve higher average sum data rate compared with traditional OMA in uplink transmission. The sum data rate of case 2, in which the relay locates more closer to the sink node, is less than that of other schemes. It indicates that transmission to the relay has significant impact on the average sum data rate in uplink transmission, since erroneous detection at the relay leads to error propagation in the detection at the sink node. In case 3, the relay closer to the center sensor nodes and has greater transmit power than that in case 1. Case 3 only achieves little gain in average sum data rate compared with that in case 1, which shows that the sum data rate of relay-aided NOMA no longer increases rapidly when the transmission quality from the center sensor nodes to the relay is good enough. For a NOMA set with a relay in uplink transmission, better sum data rate and outage probability performance can be achieved by adjusting the distance of each center sensor node to the relay. Therefore, a proper location of the relay can improve the sum data rate rapidly and reduce power consumption in WSNs in agriculture. Fig. 5 shows the performance comparison results of the outage probability of relay-aided NOMA in uplink transmission under different deployments of the relay. The parameters in simulation are set as that in Fig. 4 . The target data rates in simulations are set as R k,1 = R k,2 = 1 bps. The outage probability in case 2 worse than other cases, which can be explained that the transmission reliability from the center sensor nodes to the relay affects the overall performance. The outage probability in case 3 outperforms that in case 1 at the cost of higher transmitter power at the relay. It can be seen that the relays more likely to detect and forward the transmitted symbols successfully compared with the sink node and can improve the overall performance significantly. Moreover, they can be easily replaced when the batteries run out. Considering that a relay serves multiple center sensor nodes in the uplink transmission, a trade-off between the overall performance and power consumption of the center sensor nodes can be achieved by adjusting the position of the relay.
V. CONCLUSION
In this paper, we have introduced relay-aided NOMA into the uplink transmission in WSNs in agriculture. For a typical periodic and bursty short-range uplink transmission, NOMA technique is able to accommodate more sensor nodes with the same number of the REs. A mixed transmission scheme including both uplink and downlink transmission has been proposed for WSNs in agriculture, in which traditional OMA is applied in downlink transmission and relay-aided MONA scheme is employed in uplink transmission from the sensor nodes to the sink node. Due to massive connectivity and high sum data rate of NOMA, WSNs with NOMA can support higher data rate to the sink node, reduce the power consumption of sensor nodes and prolong the lifetime of the networks. The performance of sum data rate and outage probability of application of NOMA in uplink transmission are analyzed. Numerical simulation results have shown that WSNs with relay-aided NOMA achieves lower outage probability and higher sum data rate, which shows that NOMA technique can be a competitive candidate in both uplink and downlink transmission for WSNs in agriculture. XIANGLI LI received the M.S. degree in agricultural extension from the Zhongkai University of Agriculture and Engineering, Guangzhou, China, in 2016, where she is currently a Senior Engineer. Her recent research interests include information system management and agricultural informatization.
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